From May to November thermal stratification dominates large areas of the comparatively deep (> 40 m) central and northern North Sea. It occurs where there is insufficient tidallygenerated turbulent energy to mix the increased surface heat input (bouyancy) from solar heating throughout the water column. North of approximately the 50 m contour a 'pool' of cold winter water is isolated below the thermocline throughout the summer and is fringed by strong bottom fronts. The latter extend continuously for ~ 500 km along the 40 -50 m contour from the Firth of Forth to the eastern end of the Dogger Bank and perhaps to the Skaggerak.
Recent papers Hill et al., 1997a; Hill et al., 1997b; Horsburgh et al., 1998) have described measurements of baroclinic jets associated with cold (or salty), dense pools of bottom water which remain trapped in deep basins on the north-west European continental shelf during the summer months. A key insight of this work is that it is the bottom density front that is dynamically significant. This is important because in many tidal mixing systems surface and bottom fronts do not coincide and, indeed, there may be a bottom front without an attendant surface front. Moreover, bottom fronts appear more stable than surface fronts and are persistent, remaining geographically fixed because of the stabilising influence of associated bottom slopes and tidally generated bottom friction. In the central North Sea seasonal (May-November) bottom fronts provide the necessary conditions for the formation and maintenance of seasonal cold pool jets.
Density and Velocity Structure
Section 17 (below), that closest to the Rivers Tyne and Tees has the strongest salinity contribution and illustrates the temperature dominated pycnocline. Within the raw data the horizontal distance between successive 'V' shaped profiles is between 200 and 800 m, depending on water depth. Isolated below the thermocline a dense pool of bottom water is fringed in the west by strong bottom fronts intersecting the sea bed. Computed geostrophic velocities normal to the transect and calculated relative to an assumed level of no motion at the sea bed show southerly flowing jets associated with the bottom fronts.
Regional Circulation
During 19 July to 2 September, 20 satellite tracked drifters, with holey sock drogues 5.5 m long and 1.5 m diameter and centred at 30 m, described an essentially anti-clockwise (cyclonic) circulation pattern moving south along the coast before passing offshore and skirting the northern flanks of the Dogger Bank. Deployment locations are denoted by • , and durations varied from 10 days in the northern coastal zone to typically 35 days for the offshore instruments. Mean daily speeds were typically 4 -7 cm s -1 , but exceeded 15 cm s -1 for several days at a time, particularly the more westerly instruments. Winds during the period were generally weak.
Trajectories of a sub-set of drifters are superimposed on contours of bottom density (σ t (kg m -3 ); below) derived from the Scanfish survey, illustrating the strong correspondence between the drifter tracks and density gradient/bottom fronts. Transit times from the north-east coast to the Dogger can be shorter than 40 days and from the coast to the eastern Dogger as rapid as 80 days. Included is a synthesis of flow (➡) derived from geostrophic estimates calculated normal to each section. Density gradients and flows are strongest along the coastal strip where bathymetry changes are sharpest. In addition to offshore movement, an element of flow passes south of Whitby with a number of drifters 'stagnating' in the region of the Flamborough Front. Largely, drifters pass north of the Dogger Bank toward the east. On the south of the bank there is evidence of westward flow, perhaps part of a cyclonic circulation associated with a denser body of water to the south or the margins of the warm water lens on top of the Dogger.
Section 23 (below) is representative of the sections along the western and northern flanks of the Dogger Bank, where bottom fronts intersect the rapidly shallowing topography in a region of increased tidal mixing. There is no indication of a surface front. Associated with the bottom fronts, is a strong narrow north and east flowing jet. A corresponding detided ADCP velocity section, (derived from data on a horizontal resolution of order 400 m), provides convincing independent evidence of the jet-like flow.
Surveys -Summer 1997
A seasonal thermal front (vvvvvvvv; below left), visible in infra-red satellite imagery, marks the boundary between the comparatively shallow bathymetry and strong tidal currents (amplitude > 0.5 m s -1 ) of the southern North Sea and the deeper north with weaker tides. North of the 50 m contour a 'pool' of cold winter water is isolated below the thermocline throughout the summer. Between the coast and the Dogger Bank a north-south section (12; next column top) illustrates the mixed surface layer, a strong temperature dominated pycnocline and the emergence of isopycnals at the surface to the south marking the Flamborough Head front. The transition from the northern deep pool of cold dense water to mixed waters as the bathymetry shallows and tidal amplitudes increase is seen as a series of bottom fronts. Geostrophic estimates of flow suggest a series of strong eastward flowing jets associated with the bottom fronts in the southern portion of the section. The near surface features in the north are related to comparatively small scale perturbations on the pycnocline, probably resulting from high frequency processes such as internal waves and are unlikely to be dynamically significant at low frequency (sub-tidal and sub-inertial) timescales (i.e. days). 
Seasonal Pattern
Perhaps the most spatially complete seasonal survey of temperature (below) in the region was undertaken in 1976 (Brown et al., 1997) at positions indicated by open circles, with twelve cruises between February and November. Immediately prior to seasonal heating (late March -early April) surface to bottom temperature differences (∆T) show the water column to be well mixed. By late May -early June ∆T exceeded 5°C in the deeper north east of the region. Along the coastal strip and to the south of Flamborough Head the water column remained mixed. With continued warming of surface waters the pattern is strongly established in late August, while bottom waters warmed slowly (largely through diffusion across the thermocline), with ∆Τ > 11°C. North of Flamborough Head surface temperatures were essentially uniform, with strong ∆T gradients associated with the margins of the deep pool of cold dense bottom water. By late October, convective overturning and increased wind mixing had eroded the thermocline, leaving only a small area of residual stratification.
It can be expected that during thermal stratification the region is flushed by a continuous jetlike flow circulating around the margin of the pool of dense winter water, isolated from surrounding waters by strong bottom fronts. 
Management Implications
This study has relevance to the management of the central North Sea ecosystem. Traditionally, much of the waste plus the sewage from the industrial conurbations of the north east coast of England has been disposed of offshore, either directly or via rivers. Improved practices have reducted these activities. Alongside this are important fisheries for species such as salmon, crabs, lobsters, Nephrops, herring, plaice and turbot. Many spawn in the region and an understanding of the factors controlling egg and larval drift is necessary in the study of their recruitment variability. Conventionally, for management purposes synthesis of models, tracer distributions and current meter observations have produced 'cartoons' of circulation (e.g. North Sea Task Force, 1993), where waters bordering the north east coast form part of a weak southward circulation which merges with the Humber discharge before passing east across the southern North Sea from the coast of East Anglia. Central North Sea circulation is depicted as variable and wind driven. These simple patterns take no account of seasonal changes or the rapid transport pathways associated with cold pool jets, and their use as management tools presents distinct dangers.
Our results add to a growing body of evidence that organised, measurable flows are located above the bottom fronts bounding the margins of cold pools of relict winter water found in deep basins and other areas of low tidal energy on the European shelf in summer. In the North Sea, our measurements suggest that the anti-clockwise circulation in suminer is not a broad basin-wide feature, but that at least part of it is confined to relatively narrow bands such as the cold pool jet described here.
